Gadolinium doped Zinc oxide (Zn1−xGdxO) nanocrystals with different percentage of Gd content (x = 0, 0.2, 0.4, 0.6, 0.8) have been prepared by the solid state reaction method. The structural, morphological and chemical studies of the samples were performed by X-ray diffraction (XRD), Scanning electron microscope (SEM) and Energy dispersive X-ray (EDX) analysis. The XRD spectra confirm that all the samples have hexagonal wurtzite structure. Decrease in average crystallite size with an increase in Gd concentration is observed in XRD. SEM images show that the grain size of undoped ZnO is larger than the Gd doped ZnO, specifying the hindrance of grain growth upon Gd doping. The chemical composition of the samples was confirmed using Energy dispersive X-ray (EDX) analysis. The variation of dielectric constant (εr), dielectric loss (tan δ) and AC conductivity as a function of frequency is studied at room temperature in a frequency which ranges from 100 Hz -4.5 MHz by using LCR Hi TESTER. All the samples exhibit the normal dielectric behavior, i.e. decreases with increase in frequency which has been explained in the light of Maxwell-Wagner model. The dielectric constant and dielectric loss can be varied intensely by tuning Gd concentration in Zn1−xGdxO compounds.
Introduction
ZnO is a versatile semiconductor having a wide band gap of 3.37 eV and large exciton energy of 60 meV which * Corresponding author. crystallizes in hexagonal wurtzite structure. Due to its unique physical and chemical properties, it has a wide spread application in solar cells, gas sensors, UV light emitters and surface acoustic wave (SAW) devices [1] - [3] . The lack of centre of symmetry in the wurtzite structure of ZnO crystals give rise to its piezoelectric and pyroelectric properties [2] . Therefore ZnO can be used for piezoelectric and pyroelectric applications such as transducer, actuator, IR sensors and energy generator. Some of the promising features of ZnO include its radiation hardness, biocompatibility and its high transparency in the visible region. Doping ZnO with rare earth ions is of great interest for optoelectronics and spintronic applications [4] . The peculiar properties exhibited by rare earth ions are due to its intra f-shell transition. A good number of reports in the literature propose that doping with rare earth elements causes an enhancement in optical and magnetic properties of ZnO. K. Jayanthi et al. [5] observed a sharp and intense visible line emission from Nd 3+ doped ZnO nanopowders. Achamma et al. [6] studied the luminescence properties in Ce doped ZnO nanocrystals. John and Rajakumari [7] reported the presence of ferromagnetic properties in Er doped ZnO nanocrystals. Reports on the dielectric and ferroelectric studies of rare earth ion doped ZnO are found limited. Nidhis Sinha et al. [8] reported about the dielectric and ferroelectric properties of Ce doped ZnO nanorods. Recently, Divya et al. [9] [10] studied the optical and dielectric properties of Er doped ZnO. The study of dielectric properties is concerned with the storage and dissipation of electric and magnetic energy in materials which helps to improve the design and quality of the devices. Many workers have studied the structural, optical and magnetic properties of Gd doped ZnO [11] - [16] . But dielectric studies on Gd doped ZnO are not found elsewhere. The aim of the present work is to synthesize Gd doped ZnO via the solid state reaction route and to examine whether the dielectric constant of these materials can be enhanced compared to pure ZnO. In this paper, we have investigated the effect of Gd doping in ZnO on its structural, morphological and dielectric properties.
Experimental Details
Gd doped ZnO were synthesized by solid state reaction route to study their structural and dielectric properties. The chemicals used in the experiment are ZnO (99.99% pure), Gd 2 O 3 (99.99% pure) and LiOH•H 2 O (99.99% pure). These chemicals were weighed using an electronic balance in accordance with the required stoichiometry. These materials were homogeneously mixed using an agate mortar for sufficient time to get fine powders. LiOH is an inorganic and water soluble compound used as a heat transfer medium for the synthesis of Gd doped ZnO. The prepared samples were mixed with ethanol and made into slurry. It is then dried in an oven for 1 hour at 100˚C. After drying, the mixture was ground for 1 hour and made into pellets using hydraulic pelletizer. These pellets were sintered at 900˚C for 4 hours in a high temperature furnace. The pellets were again ground and used as samples for the studies.
The XRD patterns of powder samples were attained by Rigaku Miniflex 600 X-ray diffractometer. Surface morphology and chemical composition of the samples were respectively examined by scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX). For dielectric and AC conductivity measurements, the powder samples were made into pellets using hydraulic pelletizer of thickness 1 -2 mm and of diameter 10 mm by applying pressure of 130 Kg-cm 2 for 1 minute. The dielectric constant, dielectric loss and AC conductivity were measured using HIOKI 3532-50 LCR Hi TESTER for a frequency range from 100 Hz to 4.5 MHz.
Result and Discussion

XRD Analysis
X-ray diffraction pattern of undoped and gadolinium doped ZnO, Zn 1−x Gd x O whereas (x = 0, x = 0.2, x = 0.4, x = 0.6, x = 0.8) are shown in Figure 1 . These patterns have been compared with standard JCPDS data. All the XRD peaks can be indexed to a wurtzite structure of ZnO. It is found that up to 0.6 wt.% of Gd doping, there were no extra peaks which implies that Gd 3+ ion perfectly replaced Zn 2+ ion in the crystal matrix. Further increase of Gd 3+ (x ≥ 0.8), extra peaks arises and is shown in Figure 2 .
It is noticeable that the XRD peaks of doped samples were found shifted towards the higher 2θ values. The peak shift observed in the XRD pattern for the peak corresponding to the plane (101) depicted in Figure 3 . This shift is mainly due to the incorporation of larger sized Gd 3+ (r = 0.94Å) than Zn 2+ (r = 0.74Å) in the hexagonal wurtzite structure. This indicates that the doped Gd atoms substitute Zn atoms and the crystal structure remains unchanged.
Variation of lattice parameters with Gd concentration is shown in Table 1 . Crystallite sizes were also estimated from XRD pattern using the Scherrer formula.
where t is the crystallite size, K is the shape factor, λ is the wavelength of the incident X-ray radiation, θ is the bragg angle and β is the full width at half maximum (FWHM) in radian of the peak with given (hkl) value. It was found that crystallite size decreases with increasing Gd concentration (up to 0.6 wt.% of Gd) as shown in Table 2 . This is due to the distortion of host ZnO lattice by Gd 3+ ions, which actually reduces the nucleation and subsequent growth rate of ZnO crystal. Similar results were reported by D. Mithal et al. [17] , a decrease of crystallite size with increase in concentration of Gd in Zn 1−x Gd x O.
It could be noted that the crystallite size of 0.8 wt.% Gd doped ZnO is larger when compared to other concentrations and it tending to the size of pure ZnO crystallites on higher doping percentage. This shows that the solu- bility limit of Gd ion in the ZnO crystal lattice is close to 0.6 wt.% and excess Gd ions may precipitate out on the particle surface. The volume of the unit cell for hexagonal system has been calculated using the formula, V = 0.866a 2 c. The unit cell volume is completely dependent on lattice constants. From the Table 2 , it is clear that the volume of the unit cell decreases with small concentration of gadolinium. This is because of the perfect replacement of Zn 2+ by Gd 3+ in the crystal lattice. But as the concentration of doping increases, the gadolinium ion will also incorporate at the interstitial position, as a result lattice parameter changed and thus unit cell volume found increased.
The specific surface area of the crystallites of the samples was also determined using XRD. The specific surface area is a material property of solids which measures the total surface area of the crystallites present in per unit of mass. It is an important parameter that can be used to determine the type and properties of a material. It is particularly significant for adsorption, heterogeneous catalysis, and reactions on surfaces. The specific surface area can be calculated by Sauter formula, 3 6 10
where S is the specific surface area, D p is the size of the particle and ρ is the density of ZnO which equals to 5.606 g/cm 3 . Table 2 shows that, the specific surface area (S) of gadolinium doped ZnO nanocrystals was found to increase from 9.511 m 2 •g −1 to 13.025 m 2 •g −1 as the concentration of gadolinium in ZnO increased up to 0.6 wt.%. At 0.8 wt.% it becomes decreased due to the presence of gadolinium oxide in the sample.
Scanning Electron Microscopy
The SEM technique was employed to find the size and distribution of particles in the materials. Figure 4 displays the surface morphology of undoped and Gd doped ZnO nanocrystalline powders. It can be seen that the samples prepared have smaller particle sizes.
Microstructural variation of Gd doped ZnO compared to pure ZnO is due to the significant difference in the ionic radius of Gd 3+ related to the Zn 2+ in ZnO. Ionic radius of Gd 3+ is 0.938 Å, which is higher to Zn 2+ (0.74 Å). Therefore higher radius Gd 3+ may suppress the formation of larger nuclei during the crystallization process in ZnO. As a result of this, there is a reduction in the grain size happens. Thus Gd incorporation leads to a reduction in grain or crystallite size.
Another reason for the reduction of grain size is due to physiochemical effect. During the compound formation and sintering time, the larger radius Gd ion will enter into the lattice partially and the remaining will diffuse to the grain boundaries. This will lead to an isolated thin layer around the crystallites. There is a stress in the crystal when Gd ions get incorporated into the lattice. Those Gd ions which accumulated at the grain boundary act as a kinetic barrier for further grain displacement and thus hinder the grain growth [18] . Decrease in grain size with increasing Gd concentration in (Bi 1−x Gd x ) 0.5 Na 0.5 TiO 3 (BNGT) was reported by Vijayeta Pal et al. [19] .
Energy Dispersive X-Ray Analysis
The Energy Dispersive X-ray analysis show peaks correspond to the element present in the sample. The higher a peak in a spectrum, the more concentrated the element is in the spectrum. The EDX image shown in Figure 5 depicts the presence of Gd and Zn atom in the prepared samples. Absence of other elements in the spectra confirms the purity of the samples.
Dielectric Studies
The variation of the dielectric constant with log frequency at room temperatures is shown in Figure 6 . The dielectric constant of all the samples found decreases with increasing frequency. This can be explained on the basis of Maxwell-Wagner model which is a result of the inhomogeneous medium of two-layer dielectric structure. In this model, dielectric structure is composed of well conducting grains, which are separated by the poorly conducting grain boundaries [20] . By hopping, electrons can accumulate at grain boundaries due to high resistance and produce polarization. As the frequency of the external electric field increases the hopping frequency of electrons cannot follow the alternating field. This decreases the probability of electron reaching the grain boundary and as a result polarization decreases. The results attained in this work and the explanation given above is in good agreement with the Koops phenomenological theory [21] .
The observed higher value of dielectric constant at lower frequency is due to space charge polarization. While at higher frequency, polarization will lags behind the applied and hence decreases the value of dielectric constant.
Similar to dielectric constant, dielectric loss also decreases with increase in frequency and becomes constant at higher frequencies. Dielectric loss arises when the polarization lags behind the applied field and is caused by grain boundaries, impurities and imperfection in the crystal lattice [22] . Figure 7 shows the variation of dielectric loss factor with frequency. When the frequency of the applied AC electric field is smaller than the hopping frequency of electrons between Zn 2+ and Gd 3+ ions, the electrons follow the field and hence the loss is maximum. At higher frequencies of the applied electric field, the hopping frequency of the electron exchange between these ions cannot follow the applied field beyond certain critical frequency and the loss is minimum. The value of tan δ is < 0.2 in the higher frequency range showing that the material is less lossy.
To find the effect of Gd substitution on the dielectric constant of the present samples, re-plot dielectric con-stant of Zn 1−x Gd x O as a function of Gd concentration is shown in Figure 8 . It is found that dielectric constant increases slightly with small amount of Gd substitution (x = 0.2). Further increase in Gd concentration (x = 0.4) reduces the dielectric constant. Another maximum value of dielectric constant attained at x = 0.6 and additional Gd doping (x = 0.8) leads to another fall in the dielectric constant. The incorporation of small amounts of Gd
3+
for Zn 2+ would stabilize the wurtzite structure of ZnO and hence reduce the number of oxygen vacancies [23] . This leads to an increase in dielectric constant. Further increase of Gd content would result a unit cell contraction which is already discussed in the XRD section. Thus, the free volume available for the displacement of ions becomes smaller and this leads to a decrease in dielectric polarization. As Gd concentration increases from x = 0.4 to x = 0.6, the dielectric constant increases again due to the presence of more grain boundaries. A saturated level of Gd content is approaching when x is increased from 0.6 to 0.8. At this stage, the sample might be a composite of Gd 2 O 3 and ZnO, with a lesser dielectric constant.
The effect of Gd substitution on the dielectric loss angle is shown in Figure 9 . Compared to pure ZnO, mini- mum dielectric loss is obtained at Gd content x = 0.2. It is also observed that all the samples have a less dielectric loss at higher frequency.
AC Conductivity
The conduction mechanism in the present samples was determined from the AC conductivity measurement. The variation of AC electrical conductivity (σ ac ) with frequency at room temperature is shown in Figure 10 . At lower frequency, poorly conducting boundaries become more active. As a result hopping frequency between charge carriers decreases. This in turn decreases the conductivity value of the material. As frequency increases, the hopping frequency results in the increase of ac conductivity value of all the samples. Figure 7 and Figure 10 reveal a close relationship between tan δ and conductivity. The increase of conductivity is accompanied by an increase of the eddy current which in turn increases the energy loss tan δ [24] . 
Conclusion
Gadolinium (Gd) doped Zinc oxide (ZnO) nanocrystals were synthesized by the solid state reaction route by varying Gd concentration from 0 wt.% to 0.8 wt.%. Gd incorporation in the host lattice makes a structural distortion in ZnO due to the larger ionic radius of Gd compared to that of Zn and is evident from the structural studies. Increase the concentration of Gd hinders the growth of Zn 1−x Gd x O nanocrystals and multiphase growth is observed at higher concentrations. The frequency dependence of dielectric studies revealed that for all the samples studied, the dielectric constant and dielectric loss was found decreased with increase of frequency (between 100 Hz and 4.5 MHz), whereas AC conductivity was found increased. The gadolinium doping has an important effect on the dielectric properties of ZnO. At low Gd 3+ concentrations, slightly higher value of dielectric constant is observed. The low dielectric loss at higher frequency makes this Gd doped ZnO nanocrystal as a candidate for high frequency applications.
